Security Classification of This Report Has Been Cancelled

C
NACA R 56I12

sl

| -GONFIDENTIAL Raf 56112
. | ¢.9-

RESEARCH MEMORANDUM

CLASSIFICATION CHANGRD

o UNCLASSIFIED

v oAntraci by M?LQA‘%'URVEY A’i(]-‘f;'] E%AL%N%E[Z‘Q%TER

A S Mo rzar

RESEARCH AND ENGINEERING
R~4-36-63
By NACA Subcommiitee on Vibration and Flutter

NACA Headquarters

LIBRARY cOPY

GCT 11 1956

LANGLEY AERONAUTICAL LABORATOR
LIBRARY MACA

LANGLEY FIELD, VIRGINIA
CLASSIFIED DOCUMENT

This raterial containy information affecting the National Defense of the United States within the meaning
uit!numome laws, 'nrk 18, u.s.c. gncs mmm the trepsmission or revelation of which In any

NATIONAL ADVISORY COMMITTEE
- FOR AERONAUTICS

WASHINGTON
October 5, 1956

EONFIDENTIAL:



Security Classification of This Report Has Been Cancelled

M

NACA RM 5612

R FEI illl

31176014 43

SUMMARY « ¢ « ¢ o o o o ¢ a« « 2 o« s o o s o o s o s s s =
INTRODUCTION « « o ¢ o « 2 o o o o ¢ o s 2 o 2 « =« s o

SURVEY OF RECENT FLUITER OCCURRENCES .« « « « « &+ « + o« « &
FLUPTER DYNAMICS « « o « o « « « o ¢ s o s s o« o « o « o
ANATYTTICAL PREDICTION OF FLUTTER « « « « ¢ « « o« o « o o o

Calculation of Natural Frequencies and Natural Vibration
Mode SHhEDEE &« « « o « o « o« s & o o & o o s o o o s &«
Calculation of Oscillatory Alr Forces . . . . .
Calculation of Criticsl Flight Velocities and.Flutter
Frequencies . ¢ « ¢ ¢ ¢ ¢ ¢ s a o o o s 2 2 o s = » «
Forced Response Computations « « « « « & ¢ ¢« o o & o« o« .

EXPERTMENTAYL FLUTTER PREDICTION TECHNIQUES . « o o o o « «

Natural Frequencies, Natural Mode Shapes, and Forced

Responses .« « « & « .« - e o s s s
Measurements to Determine Stiffness R
Oscillatory Aerodynamic Forces . . . .
Flutter Models « ¢« ¢ ¢« o« ¢ o & = s o &
Flight Flutter Tegting . « ¢« ¢« « « « &

. L] L] »

SUMMARTZATTON ¢ « « « o « o = o o « o 5 o o o a s o



Security Classification of This Report Has Been Cancelled

NACA RM 56T12 CONFIDENTTAL
NATTONAL ADVISORY COMMTTTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

A SURVEY AND EVALUATION OF FLUTTER
RESEARCH AND ENGINEERING

By NACA Subcommittee on Vibration and Flubter

SUMMARY

A survey and evaluation of flubter research and fluitter engineering
is presented, with particular emphasis placed on the design of primary
fixed surfaces and primary controls. Analyses are made of recent flutter
occurrences to delineate past and fubure problems, and detalled sppraisals
are glven of the status of the various engineering brenches involved in
the analyticel and experimental prediction of flutter.

The report was prepared by a panel of the National Advisory Committee
for Aeronautics, Subcommittee on Vibratlon and Flutter, and has been
approved by the entire subcommittee membership. Its purpose is to assay
current knowledge in regard to flutter engineering, and to highlight those
facets of the subject which wlll require concentrated research attention
if future engineering requirements of the aircraft Industry are Lo be met.

It is pointed out that past design techniques for the predictlan and
prevention of flutter, while generally successful, have been inadequate
in & sufficlent number of cases to cause concern. It is antlicipated that
an increase in both the number and variety of flutter problems will be
encowmtered with future alrcraft and missiles. 1In order to effect suc-
cessful engineerling solutions to these problems, a background of research
will be required, and suggestions are advanced in the report for research
studies to cope with the anticipated trouble aresas.

INTRODUCTION

At the December 1 - 2, 1955, meeting of the NACA Subcommittee on
Vibration and Flutter, it was considered desirable to meke a survey and
evaluation of flutter research and engineering. The underlying reason
for this was based on discusslons, which summerized, emount to the fol-

lowing statement:
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For the design of militery and commercial airborne vehicles of
the present and the near future (i.e., 5 to 10 years from now), it
1s mandatory to predict the flubter characteristics to a high degree
of accuracy in order to insure safety and satisfy demends for higher
performance. Notwithstanding the excellent research on flutter con-
ducted by the NACA and other orgasnizations, and the considerable
experience accumulated by the industry over the past years, concern
over whether the required design accuracy will be achieved in the
design-office is based on & marked increaese in the number and type
of flutter incldents which have occurred during the last 10 years,
end whilch have resulted in elther loss of the vehlcle or in severe
demage. Corrective action for flubtter difficultlies has resulted in
apprecisble expense, in marked delay in getting the vehicle into
service operation, and in decreasing performence and Iincreasing
meintenance on some alrborne vehicles.

For airborne wvehicles of the near future, flutter problems are
definltely expected to become more severe due to increased speeds,
aerodynamic heating, and new configurations. This increase in sever-
ity comes at a time when every effort is belng bent towards reducing
development time and cost.

This survey was prepared by members of the NACA Subcommittee on
Vibration and Flutter, and has been spproved by the entire subcommittee
membership. It is hoped that the report will be of value in an assess-
ment of the current status of flutter engineering, end In erriving at a
sound future progrem of reseasrch to fill the gaps in our required engi-
neering knowledge. -

Flutter is conventionally defined as a self-exclted oscillation
resulting from a combination of inertie, elastlc, oscillatory aerodynamic,
damping and tempersture forces. In combination these forces can result
in unsteble motion (i.e., flutter) which leads to mlld or extremely severe

structural fallures.

This survey is primarily concerned with the flutter problems asso-
ciated with primery fixed surfaces and primary controls. Many other
significant flutter problems are not considered in the scope of this
survey, such as those pertaining to heat exchangers for aircraft nuclear
power plants, speed brakes, pitot tubes, turbine blades, propeliers, heli-
copter rotor blades, veriasble leading edges, varlable inlet ramps, external
masts, refueling drogues, tow targets, armsment doors, hydrodynamic planing
surfaces, parasite aircraft, and panel flutter.

A8 a basis for the further discussion, it 1s of interest to examine
the speed-altitude-temperature regimes that are of concern at the present
and in the near future. Figure 1 presents a Mach number-altitude plot
of these regimes which are divided into the following very approximate

catagoriles:
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Regime I - Transonic speed alirborne vehicles. Subsonic incom-

pressible flow, subsonic compressible fiow, and trans-
< onic flow sre prevalent. Temperature effects sre neg-
ligible.

Regime IT - Low supersonic speed airborne vehicles. Flows of
Regime T and in addition supersonic flow are prevalent.
Temperature effects are either negligible or of minor
importance.

Regime ITI - High supersonlc speed airborne vehicles. Flows of
Regimes I and II are prevalent. Temperature effects
are of conslderable concern.

Regime IV -~ Hypersonic speed airborne vehicles. Flows of Regimes I
and IT and, in additlon, hypersonlic flow are prevalent.
Temperature effects are of msjor concern.

Naturally, the regimes shown in figure 1 do not apply exactly for & par-
ticular alrborne vehicle - rather they are order of magnitude envelopes
wherein certain types of oscillatory aerodynamic end temperature phenomena
are prevalent which are of interest from the flutter viewpoint. The
explanatory notes in figure 1 #lso Indicate the maximum temperature which
would be encountered in each regime. OFf prime significance is the fact
2 that industry is (or will be in the very near future) building airborme
vehicles to operate in all of the regimes shown in figure 1; fliutter
engineering is wnfortunately considerably behind this development pace,
as will be seen lster in the report.

The followlng section of the report contains s historical survey
and analysis of actual flutter incidents which -have-been experienced with
military aircraft during the period from 1947 to the present. This pro-
vides background for the subsequent sections, whlich deal with the design-
office and research state-of~the-art of Fflutter prediction engineering,
both from the theoretical and experimental stendpoints. An overall sum-
merization concludes the report. Throughout the discussion, an attempt
is made to clerify the areas which reguire research if future engineering
requirements are to be met.

SURVEY OF RECENT FLUT'TER OCCURRENCES

Table I presents a sumary of flutter incidents which hawe occurred
on U.S.A.F. and Navy sircraft in the period between 1947 to the first part
of 1956. The incidents are broken down under each year. The U.S.A.F.
incidents include both airplanes and missiles; the Navy incidents are for
airplanes only. No civilien or commerclal aircraft were considered in
- complling the table.
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Thirteen flutter incidents occurred during 1947 to 1951. Of these,
approximately 10 were of the control-surface, spring-tab, and trim-tab
variety whose characteristics were quickly understood and for which rem-
edies were readlily available on the basis of state-of-the-art know-how
(irreversibility end revised mass balance). This of course does not
imply that accurate flutter aerodynamic derivatives were available to
give theoretical prediction results of high accuracy, such as are required
for adequate design safety.

Except for one case of tip-tank flutter, which was a special flutter
investigation, no cases of bending-torsion flutter occurred, since the
strength required for structural purposes was sufficient to result in
adequate flutter margins of safety. In this 19LT to 1952 era, the aver-
age bending-torsion flutter mergin of safety was probably of the order
of 30 percent or higher.

Two ltems deserve specilal attention. These are the tip tank and the
stabilizer torsion-mass unbalanced elevator flutter cases. These inci-
dents in retrospect could concelvably be interpreted as the first experi-
mental evidence of serious flutter problems to come, and the greater
actual importance of flutter 1n controlling the design of aircraft.

The next ers considered is the period from 1952 to early 1956. Of
L1 incidents, 13 are cases of trim-tab, spring-tab, and control-surface
flutter (partially balanced and mass unbalanced control surfaces included).
Most of the trim-tab flutter cases occurred because of loss of the actu-
ating system stiffness, which should be preventable by adequate design.
The nine cases of spring-tab and control-surface flutter are approximately
equal to the number which occurred in the 1947 to 1951 era. Thus, this
problem area is still not under control, and more accurate and dependable
theoretical procedures, experimental data, and design criteria are needed,
especially in view of a proposed trend towards mass unbalanced control
surfaces and higher speed aircraft having smaller thickness ratios.

Additionsl examination of the latter time period reveals that six
cases of external store flutter (including pylon suspended engines) have
occurred, compared to one in the previous time perlod. The extreme
importance of the external store problem from a flutter viewpoint is
clearly evident.

The transonic speed regime has caused the occurrence of control-
surface and tab buzz, and combined control-surface flutter buzz. Twenty-
one cases are tabulated for the 1952 to 1956 period. The only known cures
or preventive means are hydraulic dampers, the North American splitter
configuration, or very high stiffnesses in the actuating system. Since
these buzz cases total more than half of the flutter Incidents in the
latter time period, it is obvious that additional information leading
to a basic understanding of the phenomenon and. its avoidance by efficient

means is mandatory.
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- The all-movable control surface was early suspected as a possible
source of flutter difflculties. This early suspiclon is substantisted
~ by the four cases which occurred 1n 1953 and 1955. It 1s expected that
the all-movable surface will continue to be a very serlous, first-
magnitude flutter problem area for years to come. Much information is
considered necessary and essential to indicate design criterias and to
insure its prevention st an early design stage.

One known case of T-tail flutter occurred in 1952. This type of
configuration may be considered somewhat similar to the external store
problem in that frequencies are relstively low and critical frequency
ratios are possible. Like the external store problem, the T-tail, there-
fore, is expected to be & serious flutter problem and its service occur-
rence on aircraft may definitely increase. '

It is estimated that current flutter wvelocity margins are in many
cases of the order of 15 percent, the minimum scceptable. The fluttexr
cases described indicate that design difficulties may be encountered in
obtaining the desired safety margins for T-tails, all-movable stabillzers,
and external stores.

It is difficult to review the wvarious flutter cases fairly and
objectively and decide which could, or should have been predicted on the
baslis of the state of the art. However, In most cases it should be real-
- ized that flutter studies of reasonsble extent were made before the air-
plane flew. Thus, state-of-the-art design criteria and theoretical cal-
culations, regardless of the precise reasons, may be deemed inadequate.

Nine flutter cases can be attributed to malfunctions. For ebout
slx cases the theory is definitely inedequate to permit proper englneering
treatment. No rellasble theory or basic uwnderstending was available to
make realistic guesses for the 21 cases involving buzz. In 21 cases the
possibility of the incidents could have been predicted if accurate flutter
derivatives were available, and if the flubtter englneers had the foresight
to investigatbte the pertinent modes despite the lack of cccurrence of the
pexrticular type of flutter up to that time. TIn evsluating the sbove state-
ments, the old story of better hindsight must be consldered. However, it
is foresight for which flubter engineers are paid.

Concerning the fubture, some new design configwations which may pre-
sent additional flutter problems are:

1. Floating fuel tanks
2. Tip controls

3. Rotatable or extendable control surfaces
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In additlion, there exlsts the definite possibility that future flutter
cases may not involve the simpler fundamental modes of vibration which
seem to define most of the cases in the present survey. Higher-order
modes (possibly resulting from the effect of temperature on aercelastic
characteristics) mey occur in.the high Mach number and high dynamic pres-
sure regimes, even though adequate safety for fundemental modes has been
provided. This contention is borne out in part by results of NACA rocket
flutter tests of delta wings and chordwise flutter model tests. The pos-
s8ibility of flutter in higher modes obviously will meke the task of the
flutter englneer much more difficult snd will significantly increase the
area for which accurate knowledge 1s necessary.

FLUI'TER DYNAMICS

In order to cope adequately with flutter design problems, it is
obviously necessary that the engineer have an understanding of the phys-
ical mechanisms underlying flutter phenomena. The complexity of flutter
engineering arises from the fact that at least three of the classical
flelds of mechanics must be simultaneously kept in mind when dealing
with any flutter circumstance - structures, dynamics, and aerodynamics
are inseparably intertwined.

In the development of flutter as a ratiomnal brench of seronautical
engineering, 1t was only natural that classical vibration theory be used
ag the sterting point. In all essentisl respects, a complete understanding
had been reached regarding the vibrational behavior of undaemped elastic
gystems, executing small vibrations, and acted upon by externally applied
forces of known magnitudes. Thils body of knowledge extended to both con-
tinuous systems (such as an aircraft structure), and to systems composed
of intercormmected springs and discrete masses. The Lagrangisn approach
and the work of Rayleigh-Ritz also provided the important clue as t0 how
a contlnuous system could be replaced by its simpler egquivalent of con-
nected springs and discrete masses, that is, by a finite number of natural
modes with suitable elastic and inertial coupling.

Finally, classical theory hed extended all of the knowledge regarding
undamped systems to cover the case of vibrating structures conteining a
small smount of internal wviscous damping.

It was soon found, however, that an understanding of flutter mecha-
nlems required a considerable extension of these Important classical con-
cepts. To begin with, the external (aerodynamic) forces acting on a
flutter configuration are not known in edvance; rather, they are a result
of the vibrations themselves. It is for this reason that flutter oscill-
lations are of the "spontaneous" variety; a small disturbance of the
system under steady conditions causes air forces to act which perpetuate
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the disturbed motion. A new branch of dynsmic theory, teking into account
the particular character of flutter air forces, thus had to be developed.

In addition, 1t became clear that the classical concept of internal,
viscous damping was not suitsble for describing practical sircraft struc-
tures. Rather, a new kind of demping - so-called "structural” desmping -
had to be devised in order to bring theory end observation into approxi-
mate agreement. Of purely empirical character, the structural damping
concept essentially entalls internal dsmping which is amplitude-sensitive,
but frequency-insensitive. Once again, new theoretical developments were
required to permlt an understending of the system behavior with this new
type of internal energy dissipstion. It is also safe to say that a more
rational description of the nature of structural demping is a require-
ment for future research. : ’

While progress along these new lines of study has been continuocus,
it is generally correct to say that the rate of progress has been slow,
particularly when compared with the steady increase in the complexity
of practical aircraft configurations. Generalities regarding flutter
behavior are noteble only for their absence, and even the experienced
flutter practitioner will admit to frustration in attempting to under-
stend many practical phenomens on physical grounds. Even greater diffi-
culties arise when attempting to synthesize an optimum, flutter-free
structure, as compared with the simpler problem of analyzing the flutter
mechanisms inherent in a configuration fixed in advance.

Much further research is therefore needed along the lines of under-
stending the fundementel physicsl character of the flutter problem. Cer-
tein flutter cases are of the so-called "violent" variety, that is, small
speed Increases cause a well-damped system to engege suddenly in violent
vibrations of catastrophic emplitude. Other flutter cases are "mild" -
even at the critical flubter speed, the osclillations are nonviolent and
gppear to be of self-limiting amplitude. Our knowledge of the reasons
underlying these two types of behavior is as yet incomplete, despite the
great practical importance of being able to avoid "violent" flutter

designs.

Nonlinearity effects in flutter are known to affect significantly
the system performance around the critical speed, yet here again only a
start has been made toward achieving a real understanding of the pertinent
mechanisms. A similar remark holds true regerding the effects of high
temperature on flutter behavior. :

It is clear that immediate need exists for the farmulstion of Pluther
principles which permit the designer to understand the englineering nature
of flutter, and whilch provide basic design principles for flutter avoid-
ence in modern, complicabted configurations. These goals will be reached
only through asdditional research on the broad subject of flutter dynamics,
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much as was accomplished earlier by classical vibration theory for simpler
types of vibrating systems.

ANALYTICAL, PREDICTION OF FLUITER

For the design-office prediction of airplane flutter, a knowledge
is required of the mass, stiffness, oscillatory aerodynamic, damping,
and thermal characteristice of the airframe. In view of the fact that
flutter analysis entaills soc comprehensive a coverage of engineering
information, interrelating a number of the classical engineering branches,
it 1s hardly surprising that considerable difflculties are encountered.
in arriving at accurate engineering results for complicated systems.

While a variety of techniques are used by flutier groups within the
industry, the conventional procedure for the flutter anslysis of a new
airplane can be divided into the following main tasks:

Calculation of the natural freguencies and natural vibration
mode shapes which are pertinent. to the anticlpated flutter motions
of the airplane.- In order to calculate these modes accurately, the
mass, stiffness, and damping and the trensient and steady temperature
effects on these parameters must be understood.

Calculation of the osclllatory aerodynamic forces.- This step
entails the computstion of the air forces which are active during
the flubter motions and represents essentially a problem in unsiteady

aerodynemics.

Calculation of the flutter velocities for varlous flight con-
ditions.- With the mechanical and serodynamic performance of the
structure understood, the flutter equetions of motion can now be
formulated and solved for the critical velocities.

Calculation of the aircraft response to a forced vibration,
should such information be desired for purposes of flutter flight
testing or to provide more extensive analysls of ground vibration
data.

The following remsrks are in order regarding each of these steps in
rationsl flutter analysis. .
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Calculation of Natural Frequencles and
- Natural Vibration Mode Shapes

The first step which the flubter analyst usually tekes in a theo-
retical flutter computation is to calculste those natural frequencies
and corresponding vibration mode shapes for the structure (in still air)
which will probably appear in the flutter motion. This preliminary cal-
culation makes use of basic information on the mechanical charescteristics
of the structure - data pertaining to its elastic characteristics, to
the distribution of masses supported by the strucbture, and the mass of
the structure itself.

The calculation of these modes 1s an essentlal preliminary to the
actual flutter wveloclity computation when a Raylelgh type flubtter ansalysis
is employed. In the Rayleigh type anslysis, the flubter motion of the
airfreme is represented by a combination of motions of certein natural
modes, chosen at the discretion of the analyst.

It should be noted that technigues of flutter analysis other than

the Rayleigh type are now becoming somewhat more popular, thus not

~ requiring that natural modes be employed as degrees of freedom in the
Tlutter calculation. A significant practical importance nonetheless
attaches itself to natural mode studies. Specifically, through the medium

- of the ground vibration test of the prototype aircraft, it is possible to
compare the calculated mode frequencies and shapes with those observed
during the vibratlion test. Thls affords an important and direct check
of the degree to which the mechanical properties of the structure have
been adequately asccounted for in the theoretical calculstions. Regard-
less of the extent to which nstural modes are used directly in the deter-
mination of critical f£light veloclities, therefore, it is expected that
ngtural mode calculetions and ground vibratlon tests will continue to be
& standard tool of the flutier engineering group.

For more or less conventlonal alrcraft of low and medium performence
ranges, with moderste to high-aspect-ratic wings and without the complii-
cation of large, sprung masses attached to the structure, reasonable suc-
cess can be achieved in calculating the lower modes of the system. Thus,
for example, based only on mass-distribution estimates and stiffness cal-
culations made on the basis of engineering drawings of the structure, the
fundamental and next highest bending and torsion modes for primary sur-
faces can usually be predicted with good accuracy, elthough it is common
experience that the mode shape accuracy will not be as acceptable as the
natural frequency calculations. This reasonably acceptable state of the
art holds even where fuselage flexibility is of importance, and where

- rigid body motions asre coupled with elastlc mobtions.

With the current trend toward unconventional aircraft, the state-of-
= the-art in regerd to natural mode celculations has unfortunately deteri-
orsted substantislly. In the case of Smaller, high-speed aircraft, the

S
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use of wings of very low aspect ratio and of complex Internal structure
has greatly reduced the design-office effectiveness of natural mode cal-
culations. In the case of large, high-performence. aircraft, which are
relatively flexlble and generally characterized by a variety of external
stores and elasticelly suspended masses, the needs of the flutter analyst
have extended beyond the lower modes and into the higher vibrational mcdes.
Here also, the calculation techniques have not malntained the required
high order of engineering accuracy.

It should also be mentioned that to date there are no theoretical
methods available for estimatlons of the structural damplings assoclated
with the various vibration modes; these are generally obtained experi-
nmentally during the ground vibration test.

The reasons for the lncreasing difficulties associated with natural
mode calculations are not difficult to ascertain. The current methods of
structural snalysis, specifically in regard to stiffness estimations,
are inadeguate when a complicated structure must be dealt with. Stated
differently, current techniques require an idealization of the structure
into principal structural components, a procedure which is not entirely
consistent with the actuel behavior of the system. Typilcal sources of
difficulty are in the consideration of shear deformation in estimating
bending stiffness, -in the neglect of differential bending of structural
elements in establishing torsional stiffness, and in the inadequate con-
sideration of reductions in bending stiffness due to skin buckling. The
appesrance of the thermal problem, with the strong effect of transient
temperatures on structural stiffpess, is substantially magnifying the
difficulty of the flubter analyst. The problems of extermal stores and
sprung masses are also becoming more severe; such questions as the deter-
mination of the effective masses of liquid fuel, heavy retractable com-
ponents, etc., cannot be adequately handled at present.

It is clear, then, that considerable effort is warranted in research
to Ilmprove current methods for calculating natural frequencies and natural
vibration mode shapes. Veluasble information could be obtained from a
systematic study of a group of alrcraft representative of the fighter and
heavy bomber categories. Calculations of the mode shapes by the best
avallable methods, compared with asccurate ground vibratlon observations
of the prototype alrcraft, would probably disclose sulteble avenues for
refinement of the analytical design techniques. It must be appreciated,
however, that such studies are both expensive and time consuming; cer-
tainly nothing of this order of magnitude is presently incorporated 1n
research in this country. While each company attempts to profit from
its design experiences wlth each new alrcraft model, the urgency of engi-
neering design schedules precludes a systematic study of the type visu-

alized here.
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The problems inherent in natural mode calculstions for complex air-
craft have led to the suggestion of alternative approaches to obtain the
- required design information. Thus, dynamicelly scaled models have been
suggested for use in the determination of wvibration modes during the
design phase when the prototype is not availasble. Since the construction
of a dynamically scaled model of practical simplicity entails a thorough
understanding of the structural problems of the prototype, it can be seen
that substantial advaentage is not gained by going in this directlon.

To refine knowledge of the stiffness characteristics of the alrframe,
it has also been proposed thet measurements be made on the full-scasle pro-
totype. This has the obvious disadvantege of having to await the avall-
gbility of the prototype alrcraft, asnd further poses significant technical
complications. In order to obtain stiffness measurements of the necessary
accuracy for certain important portions of the structure, such as the root
regions of wing surfaces, it is found that loads must be applied which
exceed the design 1limlt loads.

In summary, therefore, 1t can be sald that the present stage of the
art is not entirely satisfactory in regard to natural mode calculatlons
for present and fubure aircraft. The importance of such ilnformation for

- the Plutter engineer is sufficient to cause considerable concern, and an
sggressive and expanded research effort in this area seems warranted.

Calculation of Osclllatory Air Forces

The proper determination of oscillatory aerodynsmic forces im flutter
analysis is vital, as without these forces we asre dealing with conservative
or structurally dsmped mechanicsal systems. Examinstion of the mathematical
equilibrium condition which defines Plutter, or of the function giving the
aserodynamic work per cycle of oscillation, shows that, at flutter, the
structursl dynsmics and serodynamics are Intertwined so that accuracy is
generally needed in both of these parts if accuracy ls to be achieved in
the end result. Moreover, the type of aerodynsmic information required
depends on the choices made for the structursl basis of analysis. Usually
this basis is a Rayleigh, model-type analysis, though sometimes it is an
influence function type of analysis which avoids the modal approach.

Many technical paepers and monographs, and a few excellent books are
now availsble which consolidate the present theoretical position. In
brief, this position is: Two-dimensional potential flow methods used in
strip analysis or Rayleigh type snslyses are well developed. Three-
dimensional flow methods are in a continuing state of flux and are cur-
rently being defined and evaluated.

Status of two-dimensional linearized subsonic- and supersonic-flow
theory: The aerodynasmic edifice of the two-dimensional linearized oscil-
= lastory flow theory 1s now essentially completed. Adequate tebles may be

VRN
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said to exist for most routine purposes for the complete Mach number range,

though speclal mode patterns, such as modes of camber deformations, or .
some control-surface problems, may still require considerable lsbor.
Table IT is a llst of available numerical tables and the ranges of param-
eters of interest (such as reduced frequency, Mach number, and ailleron
parameters) covered by them.

Strip-analysis methods: The relatively easy availability of two-
dimensionel numericel results and the extreme difficulty of treating,
even by linearized methods, the alr forces and moments on wings vibrating
in an elastic mode, have led to the adoption of two-dimensional methods
in strip analysis. In this process each vibrating strip is handled as
though part of an infinite wing having the same normel veloclty distri-
bution as that exlsting at the vibrating strip, and all strip effects
are integrated spenwise in accordance wilth the chosen mode of vibration o
to yleld the proper generalized forces. For sweptback and tapered wings
care must be exercised to allow for the effect of average effective yaw
of the infinite wing representing the local strip.

It has turned out that this strip-analysis process has yielded rather
unexpectedly good results for wings of high aspect ratlos, as determined
by experiments with simple wing models. It has also helped to serve as -
a means for presenting experimental information in a coherent fashion for o
wings of low aspect ratio. In this maenner, experimental correction fac-
tors for criteria or treand studies can be formulsted without actually -
proceeding to rigorous three-dimensionsl flow theories. TFor example,
the two-dimensional theory has served usefully in various trend studies
that have been carried out wlth physical or methematicel-type electrical
analogs. It is recognized, however, that lower-aspect-ratio wings for
high-speed flight require a three-dimenslionsl treatment structurally and
aerodynamicelly 1f accuracy 1s to be attained, or if assessment of simpler
methods i1s to be evaluated properly. Thus, the avallable theory employlng
strip-analysis methods is limited in its scope.

Three-dimensional flow methods: The treatment of an oscillsating
wing in an elsstic wing mode by three-dimensional flow methods is, in
general, not in a satisfactory state. The methods that have been used
may be loosely termed lifting-line, multiple-lifting line, and 1lifting-
surface methods. Tt cannct be maintained that any one of these methods
has been proved to result consistently in useful practicsl developments
sultable for routine applications. The lifting-surface methods have
recently been used to compare air loading distributions end flutter
results obtained in illustrative examples for comperison with those
obtained using two-dimensional flow methods. These comparisons have
shown that the surface methods ought to be pursued in the direction of
systematization for routine applicetions, and that these will require . -
large-scale computing machinery methods.
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The lifting-line methods that have been developed in the past 20 years

mumber a score or more. Many of these have been patterned to yleld the

- Prandtl 1ifting-line result for the limiting case of steady flow. This
is believed to hawve been an unfortunate simplificetion. The earliest of
these methods is that of Cicals; subsequent well-known methods are those
of Kussner, as applied by Kussner and Dingel, end of Relssner, as applied
by Reissner and Stevens. It happens that the various methods sre essen-
tially equlvalent, and that those of Kiussner and Relssner are actually
identical in their gpplicatlion. Shortcomings of the line methods sppear
to be thelr inadequate treatment of the tip and, as the aerodynamic center
of pressure and its spanwise variation are important flutter parameters,
thelr inability to define the moment characteristics aeny more reliably
than the two-dimensional treatment. The moment coefficlent sppears to
be a more sensitive Indicator of the refinement of an aerodynamié theory
than the 11ft coefficlent. Another drawback in practice concerns the
question of conservatism or nonconservatism of the flutter results, as
it often has happened that the three-dimensionsl line methods have been
unconservabtive, that is, they have erred on the umsafe side.

It appears necessary to go to multiple-line methods or to surface

methods to obtain any substantial improvements, or to be in a position

- to judge the degree or range of spplicability of the line methods. One
approach which has been Indicated but not developed mumerically is the
extension of the line methods to two lines, resulting in two relations

- to account for spanwise variations of both the 1ift and the moment. This
approach has been used in steady low-speed flow on small-aspect-ratio
swept and delta wings and has led to rather good results.

Lifting-surface methods for oscilleting finite wings: A kernel
function method hss recently been employed for three-dimensionsl flow
which is a direct extension of the method originally used to obtain
results for two-dimensional compressible flow. Results obtained to dste
indicate that the procedures lead to reasonable and accurate resulbs as
far as can be judged. The methods appear to be the most promising for
achieving accuracy in’ the theoreticel results of any of those on the
horizon. The procedures can be applied separately to subsonic, sonie,
and supersonic speed regimes. For the latter regime, 1t 1s too early
to state that the advantages will exceed those of other available three-
dimensional methods.

Methods for supersonic speeds: A number of methematical methods
exist for a few plan forms undergoing rigid body-type motions. However,
the need is for methods readily applicable to elastic modes. Analytical
methods that have shown some promise involve expansions of the sir forces
1n a parameter such as the reduced frequency, the expansions being applied

- for mathematically defined modes of deformation of the vibrating wing, as
terms of a power series in spanwise and chordwlse coordinates, for example.

——
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A recent numericel development for supersonic speeds for the wing
surface problem hes been termed a "box" method. This procedure involves
separation of the plam form into convenient box-shaped ereas, and is -
esgentially an aerodynamic influence coefficlent method which lends 1tself
to routine systematization, particularly for the case of all edges super-
sonic. Several varlations of the box method, in the cholce of boxes, end
in extensions to plan forms with subsonic leeding edgﬁs, are 1in the proc-
egs of development.

High supersonic speeds - effects of thickness: A useful procedure
for taking account of thickness and camber effects for high supersonic
speeds 1s based on the following concepts: (a) independence of top and
bottom surfaces, (b) the use of piston theory, and (c) the use of a more
accurate pressure-velocity relation than the-linear one. The method mey
be readily routinized and should provide insight into aerodynamic effects
of thickness, and assist in connection with snalysis of flutter effects -
assoclated with serodynamic heating for high supersonic speeds.

Status of some experimental checks on flutter calculations: A brief
and incomplete listing of experlmental checks is glven in teble IIT. For
high-aspect-ratio wings, this agreement is good ta excellent, perhaps
within 10 percent. TFor low-aspect-retlo wings and for control surfaces -
results are much less satisfactory. However, for elastic wing modes and
low-aspect-ratio wings, experimental results are insufficlent in general
to provide proper evalustion of the theory. Additlonal remarks on experi-
mental checks will be found In the later section of the report titled
"Experimental Flutter Prediction Techniques."

Concluding remarks: There is a great need far development of sup-
plementary or modified theories to account for nonpotential flow effects.
Control surfaces of all types, high angle-of-attack components, components
having separated flows or operating wilthin separated flows, wing-body com-
The effort along theoretical lines should proceed, not only in making
available and usable the existing formal results, but also in advancing

the art towards including real (nonpotentisl) flow effects.

Calculation of Criticel Flight Veloclties and
Flutter Frequencles

Once the mechanical and serodynamic cheracteristicse of the flutter
system are understood and cen be represented mathemetically, the equa-
tions of motion for the system can be formulated and solved for the crit-
ical flight conditions. Principal interest is attached to the estimation -
of the flutter speeds for various flight configurations, the flutter fre-
quency alsc being of engineering significance. In modal-type analyses,
the flutter frequencies are of interest in permitting the designer to

suugR—
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make certein that all naturel modes surrounding the flutter frequency
have been accounted for; in addition, it will be pointed out later that
a knowledge of the fiutter frequency is of considersble importence when
planning flight flutter tests.

It has slready been mentioned that several possible approaches can
be used in formulating the equations of motion. The most conventional
type of analysis is based on the Reyleigh modal spproach, wherein the
flutter motion of the system is represented in terms of contributions
from pertinent natuwral modes. A second type of analysis, whilch is
becoming more popular beczuse of its adaptabllity to the treatment of
low-aspect-ratio wings and complex structures, avoids the modal approach
and employs an influence-coefficlent type of dynemic analysis. For cal-
culations by influence-coefficient techniques, the motions of segments
of the sirfreme are treated as degrees of freedom, and the equations of
motion for the various segments are formulated. Thils differs from the
modal approach in that each natural mode used as a degree of freedom In
a modal angiysis presumes a continuous deflection and motion pettern for
the entire airframe.

It appears that the Influence-coefflclent type of formulation of
the equations of motion will become more popular in the fubure, since
this has some celculational edventages when employing large, sutomatic
digital computers for the numerical studlies. Further impetus for this
type of analjysis willl result when sultable methods are devised to measure
directly structural. influence coefficients during static test of the pro-
totype airframe. It should be noted that the problem of calculating the
natural modes for the alrframe 18 not necessarily penalized when an
infiluence-coefficient type of analysis is formulasbted; by simply deleting
the terms in the equatlon which represent the aerodynamic forces, com-
putation will yield the mode shapes and frequencies required to check
ground vibration tests.

As yet, the relative advantages of the modal versus influence-
coefficient anslyses sre not entirely clear, and further research will
be required to disclose the particular merits of each. From the theo-
retical dynaemics point of view, it is probsble that both are equally
effective, that is, with a given engineering understanding of the problem,
each will yield resulits of about the same accuracy. However, the relative
emount of computational effort mey be less in one case than the other,
partly because a simpler and more direct coding procedure can be used for
the automatlc computer.

Regardless of the type of analysis employed, the f£inal step in a
flutbter evaluation is the calculstion of the roots (eigen values) and,
in some cases, modee (elgen vectors) of the dynamic matrix, the order of
the matrix being the same as the number of degrees of freedom treated in

—_—
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the analysis. {Since computational complexity increases markedly with

the order of the matrix, 1t is clear that a minimum number of degrees of
freedom, consistent with the deslred englneering accuracy, should be used.
For complex alrcraft, genersl conclusions are not yet avallable regarding
& suitable choice of numbers of degrees of freedom. The discretion of
the anslyst is still the deciding factor in such choices, which is perhaps
an inevitable accompaniment of advanced engineering design studies.

The numerical technlques currently employed for solving the eguations
of motion are generally adequate for the problem at hand. The avallability
of large-scale camputers in the aircraft companles will undoubtedly permit
an increase in the slze of the flutter calculations, enabling more degrees
of freedom to be taken into accovmt wilithout substantial increases in engl-
neering labor and time, and it gppears that sufflicient attention 1s being
given to the assoclated computing problems by numerical analysts to cope
successfully with the added computational complexities.

The accuracy of solutions for criticael flutter veloclties are, of
course, directly dependent on the preclsion with which the mechanical
and aerodynamlc counterparts of the problem are Included in the equations
of motion. It has already been polnted out that, in many 1lnstances, the
required design accuracies cannot be achieved because of gaps in our
knowledge of these elements of the problem.

It is worth mentioning once agein that for many systems the struc-
tural damping plays a powerful role in determining the criticel flight
velocities. At the present time, only past experience and the ground
vibration test afford estimates of the magnitude of this parameter. The
structural damping coefficient varies from one natural mode to the next,
a consequence of the empirical nature of the structurael demping concept,
and the variation of this parsmeter with alrcraft life end operating con-
ditions is not thoroughly appreclated. Our knowledge in this area is
thus seen to be definitely inadequate.

It is probable that further research effort should be directed
toward overall appralsals of the accuracies of flutter anslyses. This
is perhaps best done through the medium of comparing calculated results
with those obtained from systematic wind-tunnel end flight flutter tests
(see later discussion). However, while the principal objective of a
flutter analysis is the calculation of flutter speeds, a more thorough
understanding of the accuracies required in the mechanical and aerodynemlc
contributions in order to achieve suitable precision in the flutter-speed
estimations is both a worthwhile and necessary research obJjective.

Forced Response Computations

From the theoretical point of view, if the natursl modea of vibra-
tilon in still air and the flutter modes of the airecraft system can be

AN
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calculated accurately, then it should be possible to trace the behavior

of the system when 1t is forced to oscillate at any combination of flight
- velocity and oscillation frequency. Conversely, if correct calculations

cen be made describing the system behavior when excited by external forces

at various frequencles in the flutter range, and when the aircraft is in

£light at velocities moderately below the flutter weloeity, then flutter

predictions of high accuracy will follow automaticelly.

For purposes of prototype f£light testing to determine flutter margins,
it is obvious that £light at the flutter speed is impracticel; however,
the aircraft can be excited by.external forces into vibration at speeds
below the critical weloclty and over a range of frequencies covering the
flutter range, and the flight observations can be compared with calcula-
tions covering the same test circumstances. If the two are In agreement,
considerable confidence can be attached to the theoretical flutter veloc-
1ty predictions. Tt is thus seen that considerablie interest 1is attached
to forced response studles in flubtter engineering.

Forced response studies, that is, studies of the response of the
aircreft to externally applied oscillatory loads, is not only of interest
in connection with flight-flutter programs, but also provides the engi-
neer with an estimate of whether the flutter mode will be a "mild" or
"violent" one. Under forced vibration conditlons, the epproach to a
violent flutter mode will show a rapid decrease in the system stability,
- starting just below the actual flutter speed. A mild flutter mode is

generally characterized by a gradusl loss in system stability which is
observable well below the critical flight condition. While 1t hes not
yet been absolutely demematrated that these characteristics serve to
define the difference between mild and cetastrophic flutter, it is not
unreasonable to presume thet this is the case.

For a variety of reasons, therefore, increasing attention 1s being
given by industry and research agencies to forced response studies. In
the case of grownd vibration testing, the forced response messurements
define the system damping, and comparisons of measurements and calcula-
tilons over a frequency range give added confidence to the fact that the
mechanical properties of the airfreme are properly represented in the
calculational scheme.

In general, it may be said that very llttle experience indeed is
currently availsble in regard to forced response techniques, particularly
in the flight region. With the increasing importance of this facet of
flutter engineering, 1t can also be concluded that our research effort
is sadly lacking in this area.

Comparisons between calculated and observed forced response char-

acteristics of airdéraft in flight pose, at present, very substantial
research problems, both in regard to the technical aspects of such studies

OR—r
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end the associated costs. However, it would be most veluable if such
studies were undertaken systematically for a group of representative
aircraft. This research background will then permit the gradual integra-
tlon of this Important technique into industriel practice. It might be
mentioned that certasin of the aircraft companies are already using flight
response studies as engineering tools, and are doing so without the ben-
efit of an adequate background of research knowledge and experience. This
is a dangerous, although perhaps expedlent, course of action; 1t cennot
be Jjustified on the grounds of safely, save where a high degree of cer-
tainty exists that the antlclpsated flutter will be of the mild variety.
Some evaluation of the degree of risk involved in forced response tests
in flight may be obtalned from wind-tunnel testing of scaled elastic
models, preferably with forced excitation.

EXPERIMENTAL FLUTTER PREDICTION TECHNIQUES

The subJect of experimental flutter prediction techniqpes is dis-
cussed under the following headings:

(1) Naturael frequencies, natural vibration mode shepes, and forced
responses

(2) Measurements to determine stiffness

(3) Oscillatory aserodynasmic forces
(k) Flutter models

(5) Flight flutter testing

Natural Frequencies, Natural Mode Shapes,
and Forced Responses

The role of the ground vibration test in flutter engineering has
glready been reviewed earlier in the report. However, 1t may be helpful
once again to summarlze the pertinent arguments.

It has already been pointed out that the first step 1n a theoretical
flutter computetion is usually the calculation of a few of the natural
frequencies and corresponding vibration mode shapes of the structure in
gtill alr. This preliminsry calculatlon maskes use of the baslc engineering
information on the mechanical chasracteristics of the structure, that is,
the data relating to the stiffness and inertial characteristics of the
airframe. If a Rayleigh type analysis is to be used for the actuasl flutter
computation, these natursl modes will later be employed as degrees of

freedom.
L 9
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The important point to be emphesized here is that in a modal type
of spproach to the dynamic analysis of the sirframe, the mechanical prop-
- erties of the structure can be represented wholly in terms of the mass
distribution, the natursl frequencies of the airplane at rest, the natural
vibration mode shspes, and the structurel demping. Except for the mass
distribution, these properties are all subject to verification in a prop-
erly conducted ground vibration test. (Structural demping can be deter-
mined by measuring the rate at which vibration dies out when exciting
forces are removed.)

When scaled flutter models are employed it is customary to conduct
vibration tests in still alr on both model and eirplene. Direct compari-
son of natursl frequencies and mode shapes then provides a relatively
rapid check with regerd to mass and stiffness distributions of the overell
similarity between model and airplene. When flubtter analysis is performed
on an anslog computer of the passive network type, the procedure for using
ground vibration test results to evaluate the accuracy of the electrical
similation is essentially the same in principle as the method used to
check the scaled flutter model.

In brief, the ground vibration test is, for the flubtter anelyst, a

- major source (and often the only source) of baslc experimentsl date per-
taining to the mass and stiffness distributions (epart from serodynamic
characteristics) of the airplaene. The results of this test are intended

- to provide him with an oversll evaluation of airframe paremeters that he
has employed in his flutter predictions. If the check is umsstlsfactory,
measured ground modes and frequencies may be used directly in a final
flutter anelysis. The importance of this check to the flutter engineer
is comparable to that of the static proof test for the stress map.

Basic concepts: The plan of a typicel sirplane ground vibration
test is generally formuleted in terms of concepts which are derived from
vibration theory - the theory of small aemplitude vibration of elsstic
structures with small damping. 1In fact much useful vibration theory is
concerned with ideal systems having no demping whatsoever. Mathematical
anslysis indicates that such ideslized frictionless systems should exhibit
characteristic natural frequencies of vibration, and that with each char-
acteristic frequency there 1s assoclated a definite vibrastion form or
mode of vibration (commonly called & normel mode). When an undamped
structure 1s set Into vibration in one of its normal modes and left to
itself, theory indicates that the vibration will continue indefinitely
at the natural frequency without change in shape and without loss of
amplitude. When one or more sinusoidal forces of equal frequency are
applied to suitable points of the structure, it responds by vibrating at
the same frequency. If the exciting frequency is made to coincide with

- one of the natural frequencies of the structure, the ampliitude of vibra-~
tion becomes exceptionally large (theoretically infinite if the structure
is undamped). This phenomenon is caliled resonsnce. Furthermore, if the
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resonant frequency is reasonably well separated fram other neighboring
naturasl frequencies, the form of the forced vibration will be practically
the same as the normal mode of free vibrastion corresponding to the reso-
nent freguency. ' '

Experience with practicel metal airplane structures indicates that
the damping due to internal frictilon is sufficiently small to justify
the assumption that natural frequencies and mode shepes are unaffected
by it. Hence, 1t i1s reasonable to expect that mode shapes and nstural
frequencies determined from ground resconance tests should agree with
results of computation neglecting dsmplng, and with data from rescnsnce
tests on scaled models - if both the computatlons and model design were
based on correct elastic properties and mass distribution data.

Testing methods: Since mode shapes and netural frequencies are
influenced by the mariner in which the airplane is supported, the design
of a suitaeble support system for ground testling is of some lmportance.

In many casee 1t is considered desirable to employ a soft suspension,

so that free body modes are obtained to a close approximation; this can
be accomplished with relative ease if the airplene is smsll. However,
such a condition 1s exceedingly difficult to obtaln for a very large
airplane, since the support must provide great strength to support the
welght of the airplane, a high degree of flexibility, very low friction,
and sufficient stability to safeguard the alrplane. Fortunately, 1t is
possible to accomplish most of the necessary obJjectlives with the airplane
on stiff supports. Therefare we may regard the development of a flexible
support system for very large sirplanes as a desirable objective, but it
need not be given the highest prilority.

Perhaps the most Ilmportant requirements for a satisfactory support
system are: ' o S

(a) The support reactions must be statlcally determinate. (Other-
wise the support system may impose undesirable or unknown
restraints on the airplane structure.)

(b) The supporting structure must either be very rigid or 1ts elastic
deflection rates must be accurately known. If the primary pur-
pose of the vibration test is to check the flutter model, then
it will be sufficient to test the model under comparable con-
ditions. On the other hand, if free body modes are wanted,
they may be obtained by a supplementery analysis using the
measured modes together with rigid body displacements as degrees
of freedom.

Sinusoidal forces are generally provided for ground vibration testing
of alrplanes by means of electromsgnetic exciters driven by electronic
power supplies and contxol equipment. Commercilal pickups, amplifiers,

—
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and recording oselllographs are ususlly employed for measurement and
recording of deta. Minlaturized equipment of the same general type is

- employed for model testing. Extenslve reading of records and msnual
analysis of data are required.

Evaluation of current performsnce: Current procedures are reasonsbly
sabtisfactory for ground resonance testing when only low order modes are
required and the pertinent natural frequencies are well separated. Even
in these cases it is highly edvantageous to employ several exciters, with
separate controls and equipment for rapid visual phaese comparison between
pickup outputs, to assist the operator in obtaining the pure normal mode
gt each resonant frequency.

In general, it can be said that a very serious lnadequacy exists
whenever 1t becomes necessary to deal with complex modes of an airplsne
having natural frequencies close together. This situation is apt Ho
occur on any airplane if s lerge number of modes of the entire structure
sre required, due to interaction between components (it can occur, e.g.,
if wncoupled frequencies of wing and empennsge should heppen to coincide).
The problem is particularly troublesome and practically inevitable on
large, flexible alrcraft carrying external stores and/or flexibly mounted

- wing engines. One way in which the difficulty manifests itself is through
an inebility to get the various masses of the system moving in phase with
each other at resonance. §Since the relstive phases of motion of different

- parts of the structure exhibit erratic veriations, it is clear that the
shape of the response cannot be regarded as g normsl mode. This is- fur-
ther confirmed when the exciting forces sre removed. Each of the modes
which is present in the steady forced vibration then decays at its own
natural frequency; since these nabural frequencies sre slightly different,
beats gppear. Under these circumstances it is impossible to determine
how much of the discrepancy between forced response and calculated mode
shape should be attributed to Inadequate test technique and how much to
errors in vibration analysils.

The work of lLewis and Wrisleyl is a very ilmportant contribution to
the development of a satlsfactory system for ailrplane ground vibration
testing. The basic principle of this method is that the structure should
be regerded as a collection of lumped masses, and an excliter should act
near the centroid of each maess in the direction of vibratory motion. A1l
exciting forces are In phase or in phase ogposition to each other (rela-
tive phase angles restricted to 0° and 180°9); force amplitudes are inde-
pendently adjusteble. The recommended test procedure for obtaining a pure
mode is to adjust each force in proportion to the product of mass and dis-
placement. If the frequency is tuned to resonence and adjacent natursl

- liewis, R. C., and Wrisley, D. L.: A System for the Excitetlon of
Pure Natural Modes of Complex Structures. dJour. Aero. Sei. vol. 17,
no. 11, Nov. 13950.
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frequencies are not too near the excitlng freguency, then the process
will converge to yield the desired normal mode. When convergence has
been achieved, the distribution of exciting forces is proportional to

the vibratory inertla loading in the desired mode; because of the orthog-
onality relations between modes, none of the unwanted modes are excited.
This procedure has been used very successfully on simple lumped mass BysS-
tems with varying emounts of damping added to the system. The resulting
measured modes exhibit the expected characteristics of pure normal modes
(uniformity of phase throughout the structure, absence of beats in decaying
oscillation when exciting forces are removed); also they are in close
agreement wlth theoretical computed modes of the system.

The system of Lewls and Wrisley has also been used a few times for
demonstration purposes on smell eirplsnes. However, 1in splte of its
attractive features, this approach has never been appllied systematically
for testing large alrcraft where mode lnterference is a serious problem.
The reeson for this is that a very large investment in equipment would
be requlred, because of the number of excilters and assoclated control
elements needed to match a lumped meass -ideslization of a complex, attenu-
ated structure with meny mssses. This in itself might not be a complete
deterrent, in view of the seriousness of the basic problem; but there 1s
also reason to belleve that the iterative scheme for force adjustment
will not converge 1f the structure has naftural freqnencies that are nearly
equal. .

Need for research: One of the necessary steps in acquiring the
ability to make gquantitatively accurate flutter predictions with a high
degree of consistency is to accomplish certsin advances 1n ground reso-
nance testing. A fundamental research progrem is required for the devel-
opment of testing equipment and new techniques. One promlsing line of
investigation would be almed at developlng (and demonstrating by tests
on structures of suitable complexity) a system w1th the following
capabilities:

(a) To determine accurately all of the nstural frequencles of a
glven structure up to the highest frequency that is likely
to be of any interest for flutter, regardless of frequency

spacing

(b) To excite and measure separately each of the normal modes cor-
responding to the pertinent natural frequencles of the structure

Although a considerable quantity of theoretical vibration datas usually
exists when the groumd test 1s conducted, the test operation itself should
be completely independent of these data. Purely experimental procedures
should be developed for determining natural frequencies and exclting the
corresponding modes; emplrical criteria should be used in judging the
validity of the results. The amount of test equipment should be as small

Sll—..
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as possible. The principal problem is to eliminste only those modes
whose frequencies are close to that of the desired mode; hence it seems
unecessary that the excltation should be orthogonal to modes whose fre-
quencies are more remote. This suggests the possibility of a system
using fewer exciters than that proposed by Lewls and Wrisley. Consider-
ation should also be given to the use of high-speed computers and automatic
daste processing equipment. Initial developmental testing might be per-
formed on a small-scale lsboratory specimen, preferably with some pro-
vision for producing veriable frequency ratlos. Final evalusbtion should
be accomplished by testing seversl systems whose complexity approsaches
that of actual airplsnes; perhaps scaled flutter models might be used for
this purpose.

Another approach which is favored by some flutter specialists would
abandon the attempt to excite normal modes, and merely seek to determine
the response of the strucbture (both in smplitude and phase) as = function
of frequency, when excited by sinusoidel forces at various points. Results
of such a test would be compered directly with theoretical forced response
data. It will be necessary to conduct further research in the physical
basis of structurel demping of practical aircraft structures In order to
succeed in a program of this nabure, since there is no reslly sabtisfactory
theory of siructural dsmping at the present time. Further, reseerch is
also needed on the forced response of aircrafit having powered control
systems, with particular attention to nonlinesr effects.

Measurements to Determine Stiffness

Because of the great importance in flutter of the forces due to
structurel deformation, numerous abttempts have been mede by aircraft
menufacturers to obtain e direct check of structural stiffnesses by meas-
uring static deflections of the airframe under known losds. However, for
g number of reasons to be mentioned in the following paragrephs, these
efforts have been relatively unsuccessful. Nevertheless the objectives
of this sort of test are extremely worth while, and it is felt that a
resegrch program is needed to develop adequate technigues for this kind
of testing.

The aim should be to obtain sufficiently comprehensive £lexibility
or stiffness data to serve for sccurate calculation of vibration modes
and. frequencies of the complete aircraft, up to the highest order required
for flutter analysis. Initially this work might be performed at room tem-
perature, although it should be recognized that stiffness measurements
are likely to play a very lmportant role in flubtter prediction for strue-
tures which are subjected to aerodynsmic heating. Therefore, it is clear
that the development of techniques for stiffness measurements on heated
structures 1s an extremely importent research objective.

g T
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Since structural interactlon between components has an important
influence on vibration cheracteristlice of the alrplane, 1t is essential
in meking stiffness meassurements that the airplane be treated as a com-
plete entity. Obviously it must be supported in such a way that the sup-
port system does not Iintroduce any constraints on the alrfreme. Deflec-
tions should be referred to a reference system sttached to the aircraft.

It should be recognlzed that a high degree of accurascy 1s required
in stiffness measurements which are to be used for prediction of vibra-
tion modes of moderately high order. The reason for this may be attrib-
uted to the complexity of the vibratory inertias loading, which may
exhibit several reversals In direction within & single component. Because
of this complexity, so-called secondary effects (transverse shear, shear
lag, torsion-bending, and other effects as yet unnamed) terd to be

important.

Another source of unusual difficulty arises fram the fact that very
large loads are required o produce measursble deflections in the stiffer
parts of the structure. Perhaps the solutlion to this difficulty lies in
the development of more sensitive instrumentation.

Hence, it is evident that the development of adequate experimental
techniques for determining structursl stiffnesses isg an exceptlionally
difficult problem. In order to obtain a satisfactory solution, it seems
likely that a basically new technique and/or a new system of instrumente-
tion will have to be devised.

Oscillatory Aerodynamic Forces

Experimental values of the alr forces on osclllating air forces are
of primary velue as a basis for evaluating the accuracy of aerodynamic
theory. Although often suggested, the employment of experimental oscll-
latory coefficients in a flutter analysis hss been seldom attempted.

As shown in figures 2(a), (b), and (c), a relatively small number
of oscillatory air forces have been determined experimentally.

The greatest bulk of data existing in this field has been obtained
at very low subsonlc speeds and for two-dimensional sirfoils. Its prin-
clpal purpose has been to prove or disprove the existing theories, and
it has indicated that the subsonic two-dimensionsl theory i1s quite satis-
factory, where no separation is present. However, a critical lack of
information exists in the transonic and supersonic speed range.

In the charts all known measurements are included. It appeared
unreasonable to attempt to present charts showing all the possible varil-
gtions that might be of importance in the flutter problem; instead, the

SR
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alr forces have been classified accoxrding to the three baslc types of
rigid modes of oscillation. To date there is only one known case where
- air forces have been messured with elastic modes.

The individual charts are divided by the parameters two-dimensionsal,
three-dimensional, and so-called interference effects. The additional
split between high and low aspect ratio has been determined for the time
being by a paremeter, based on aspect ratio and thickness, established
in steady-state aerodynamics. It 1s belleved that such a division is
very important, particuleriy in the transonic case, and might allow for
computations based on slender-wing theory to predict with good accuracy
£lutter cases in the low-aspect-ratio regions.

For high aspect ratio, it does not appear thet theory will be gen-
erally satisfactory 1n the transonic region without considerable modifi-
cation based on experimentally measured air forces, due to the increased
Inmportance of two-dimensional effects. Where some measured alr forces
do exist, it has been shown that relatively large changes in the air
forces occur due to Mach number, angle of abttack, thickness, and thick-
ness distribution. These effects may be modified agaln by finite-span
influences.

The interference parsmeter includes alr forces measurements made
in the presence of tip-mounted external stores and spoilers mounted on
- two-dimensional wings. It should include, if data were availsble, other
interference effects such as strut-mounted and semisubmerged stores,
fuselage interference (particularly in the supersonic region where wing
bodies can no longer be considered separately), and the interference
between horizontal and wvertical stabilizers.

A specisl type of interference can occur supersonically on vertical
or on horizontal stabllity surfaces created by oblique shock waves orilg-
ingting on the main 1ifting surfaces, on stores, or on other dlscontinu-
ities on these main lifting surfaces. It has alresdy been shown theatbt
these effects can be serious in stability studies. The most serlous pos-~
gibility is the direct aserodynamic coupling between the primary lifting
surface and the stability surfaces.

The most importent paresmeter not indiceted on the charts would be
sngle of attack, which, if included, would be split into effects both
below and above the stell region, in additlon to those at zero angle of
sttack. TIn addition, all of the followlng items can have important
effects:

() Airfoil section:

Thickness
Thickness distribution

s S
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(b) Wing plan forms:
Aspect ratio
Taper ratio
Thickness taper ratio
Fixed root
Elaestic root
Rigid modes
Elastic modes

(e) Wing-body combinations:
Fuselage wing
Primary surface on secondary surfaces
Stores:
Strut mounted.
Attached and semisubmerged

The status charts, along with the presentation of the conslderable
number of variables not shown by the charts, indlicate an almost insur-
mountable amount of required future research. It is therefore desirable
to discuss in some detail a proposed fubture research program which even
in its drastically reduced nature will still reguire a greatly expanded
effort in order to complete in time to be useful in the 1959 to 1966 design

period.

The criterion used to establish the Importent research areas will
be: Where 1s theory inadequste, or apparently lnadequate at the present
time, and where do we have clear indications that checks on supposedly
adequate theory are desirable? These conslderations will also define
the Mach number, angle of attack, and configuwration.

Inadequate theory: Subsonic-high-angie-of-attack theoretleal
approaches are as yet lnadequate. Research already completed has indi-

cated certain trends; primarily, however, it has been shown that the
degree of instability is assoclated with the type of stall being encoun-

tered. It is necessary to actually measure air forces on finite-span
elastic wings to obtain a more useful approach to the stall-flutter
problem. : :

The actuasl plan forms recommended for investigation will be the same
ag those to be recommended for transonic investigations. It 1s possible
that in a transonic facllity some of the high-sngle subsonic work could
be conducted in conjunction wlth transonic investigations.

The transonic speed range is the most serious region insofar as
adequate theory ls concerned. Transonlc pltch and translation air forces
are seriously lacking for finite-span wings. There 1s some hope here that
theoretlcal approaches might be developed for slender wings, as was indi-
cated in the discussion of the status charts. It appears desirable to
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begin this reseerch with a serles of affinely related rectangulier wings,
as hes been done for the statlc-aerodynamic case. These wings should be

- oscillated in elsstic modes. Tt should be pointed out that, although
sheking models in elastic modes presents a research technique problem,
it 1s, as a matter of fact, as difficult Lo oscillate three-dimensional
wings in rigid modes because of the alweys present elastic components
which can cause extreme difficulty in evaluating results. In all cases
alr forces should be obtalned, at a minimm of three-spanwlise stations,
and the overall integrated air forces should be measured. The following
parameters should be investigated:

(a) Aspect ratio - 1 to 6

(b) Thickness, insofar as structurally feasible, from 2 perceﬁt to
6 percent

With the above basic test completed, checks on effect of airfoil
shape should be made in the slender-wing or low-aspect-ratio region and
in the high-asspect-ratio region. The research should then proceed to
investigate plan-form effects, such as taper ratio and sweep, including
delta plan forms. It is agaln recommended that insofar as possible and

- practical the research be conducted using controlled elastic mode shapes.

As pointed out previously, of all the transonic preblems, those
- involving control-rotation air forces, for example, '"buzz,” are respon-

sible for more serious flutter problems than from any other single param-
eter. A need exists because of our insbility to predict with any degree
of relisbility the deterloration in damping encoumtered in this speed
range. The primary variables requiring iunvestigation are:

(2) Control chord, in percent of wing chord

(b) Effect of serodynamic balance

(c) Type of aerodynamic balance

(d) Spanwise effects

(e) Control contour, including airfoil shape shead of control

(f) Percent of wing span

(g) Spanwise control location

(h) Effect of wing plan form

A program set up to investlgate 811 of the sbove factors and their
effects on each other would be impossible to complete In any reasonable

Y
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time; however, it 1s believed that by proper techniques many basic prin-
ciples can be uncovered. Thls technlique should Involve the measurement
of air forces at several spanwlse stations in addition to measuring the
complete Integrated alr forces. In addition, 1t is vitally important
that as principles are uncovered, every effort should be mede to investil-

gate methods of increesing the control damping

Adequate theory does not exist in any speed range that can account
for all posslble 1nterference effects. These interference problems were
mentioned in discussing the status charts and to some extent in the pre-
vious discussions conc¢erhning specific speed ranges. Stores must be con-
sidered & primary problem, and it 1s recommended that representative
stores be designed for instsllation on & number of the three-dimensional
models. These stores would be typilcal installations, and the speed ranges
should be those in which the configuratlon would be expected to fly.

The other types of interference such as spoilers and speed brakes
should alsc be checked on representative wings bullt for fundamental

reseaxrch.

Work of thie type would be aimed at obtaining generalized results
in order to reduce the magnitude of the Job as much as possible.

Since the research work must be aimed at generalized results, it
would be highly desirable to develop and publish techniques that would
permit rapid evaluation of specific airplane conflgurations by model

tests.

Adequate theory: There is some reason to belleve that supersonlc
theory will be satisfactory except in the Mach number reglon near shock
attachment and for secondary problems of separation. The separation
problem which is not accounted for in any existing theories will tend to
increase with increasing Mach number, and checks on the percent deviation
from theory wilill be desirable. Controls of the trailing-edge type would
be most seriously affected by separation. Ancother problem exists in the
region of shock attachment, since wing oscilletion might detach a statl-
cally attached shock, and the possibility of recurring detachment is
immediately espparent, and this would be difficult to treat theoretically.
Of course, the complete wing and all 1ts alr faorces will be affected by
the possible shock detachment problem.

The specific type of research will be limlted by available faclllities,
particularly in the Mach number 3 %o 5 region. It is recommended that two-
dimensional work which could be conducted in relatively small research
facllitles be performed to obtaln a preliminary evaluation of theory.

The variables to be investigated would be girfoll section and thickness
end controle. In the higher supersonic Mach number ranges this work will
be of considerable value since more of the wing acts In a purely two-
dimensional manner. The results of preliminary tests would have to be

G
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evaluated to determine the amowumt of additional two-dimensional work
that would be desirable.

It is also desirable to investigate concurrently with the two-
dimensional work some representative three-dimensional wings I1n order to
obtain relisble checks of the usefulness of two-dimensional resesrch.

In addition, it can be expected that three-dimensionsl elastlic wings can
develop special problems due to the expected spanwise varlation in separa-
tion and shock attachment when oscillating in elastic modes. These par-
ticular problems in themselves dictate the necessity for conducting three-
dimensional elastic model research on typical plan forms.

Sufficient data: The problem that hads been discussed is naot specific
concerning the megnitude of the research. It is, of course, necessary for
the research asgency to detall the programs based on the type of facllity
involved and the amount and type of menpower avallsble. Maintaining the
present level of effort dwring the next 5 to 10 years wlll not approach
solving the problems that have been outlined. Thie 1is obvious from the
status charts, which indicate the availabllity of 811 known transonic
and supersonic air forces obtained in the last 10 years. It is immediately
apparent that the present level of effort must be increased several times

- in order to make significant progress in the present and future critical

period.

Flutter Models

The purposes of flutter model tests include, smong other items, the
following: ’ .

(a) Aircraft structursl integrity determinatiocn

(b) Mach number and dynamic pressure trends in terms of wvelocity-

v

Dag\fit

versus M

bay, i
stiffness indices - 0= versus M, and
Ho

to define the critlcal reglons

(c) The flutter susceptibility of various new design configurations,
the critical modes and corresponding flutter prevention design
criteria

(d) Evaluation of analytical flutter prediction techniques and of
need for improvements in flutter prediction theories

(e) Determination of generalized flutter forces (derivatives) from
systematically conducted tests

AR
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(£) Optimum design from a flutter viewpoint and fiutter prevention
meeans .

A brief evaluabion of recent tests appears to indicate that the emphasis
is being placed on the first three items. Although significant man-hours
are being devoted to item (d) above, additional emphasis in this ares is
needed. In many cases, flutter model speeds are compared with reference
flutter velocitles derived from simple snalyses which employ two-
dimensional, incompressible flutter derivatives even though the effects
of aspect retio and compressibility are significant. It is considered
advisable to seriously consider the use of a better reference flutter
speed which is based on more accurate theoretical or semirational pro-
cedures which reasonably account for spanwise and chordwise loadings.
Although additlonal time will be necessary to introduce more elaborate
reference analyses, it is estimated that a mejor payoff will occur through
a significant reduction in the scope of expensive flutter model tests
where, in general, an ad hoc experimental approach ls employed. A better
basic understanding of the flutter mechanism can conceivably be obtained
by improved analyses not only in the form of velocity but also in terms
of margin of stabllity or damping g. The reasons for mild end violent
modes might be more clearly understood.

The last item under (f) deserves special mention. In view of the
increase in flutter problems and problem areas, 1t asppears that research
in this area, which has been neglected to a large extent, should defi-
nitely be emphasized end pursued.

Brief mention might be made of the desirability of standerdization
of flutter symbols in presenting flutter data.

Status of experimental flutter model data: The stabus of presently
available informetion is summarized in table IV. This evaluation is made
from the viewpoint of the practicing flutter engineer who is concerned
with falrly direct applicability of available data. For some types of
conflgurations the information is generally adequate. However, it appears
that slmost all areas require evalustlon and consolidation of information.

b
More date of velocity index type -:Bf Eoor Y . versus Mach number
& | ko oy, | /1

are needed to define the critical dynamic pressure and Mach number regions.
For some configurations additional data are needed to indicate the effects
of fuselage flexibilitles and body freedom on the flutter modes. These
motions are especially important for wings with stores and may be fairly
significant (in terms of flutter velocity and damping margins of safety)
even for clean wings.
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The areas requiring particular sbttention at the present time sppear
to be:

(2) Mass unbalanced conventional control surfaces
(b) T-tails

(c) Control-surface buzz

(a) All-movable control surfaces

(e) Wings with stores

In addition, the thimner surfaces proposed for supersonic speed
ranges require additional data for Mach numbers above 2.5.

Comparison of model and aircraft resulbts: Unfortunately, there are
very few cases where model and aircraft data are both available to assess
the accuracy of model testing techniques. Two recent cases are known.

One case involved a bomber with pylon suspended engine where the model

incorporated fuselage flexibilities and freedoms. If the model results

were used directly without prior knowledge of the aircraft results, it

is quite probable that the aircreft flutter speed predicted on the basis

of the model results would have been about 10 percent unconservative.

- Compressibility effects are negligible in this particular case. In
another case involving a bomber with several external stores (pylon sus-
pended engines), the low-speed model results taken at face value predicted
flutter stability although low damping in some modes was 1ndicated, and
the flutter speed in other modes was Just above the limit dive speed.

Thé airplane fluttered 1n a higher-order wing mode which was not predicted
by initial model tests. Thus, in this particular case the model was also
unconservative.

Additional comments could be made by comparison of model end air-
craft results if g - v data for the critical modes were avallsble. Since
full-scale Flutter flight tests where actusl flutter conditions are encoun-
tered will likely not be permitted except possibly by a near approach to
flutter, 1t sppears highly desirable to obtain model amplitude versus
frequency response data at seversl alirspeeds to compare wlth corresponding
aircraft data.

Thus, the few cases for which data are avellable indicate that model
results can be unconservative. However, sufficient deta are not availsble
to draw felrly firm conclusions regarding general flutter model accuracy.
These additional data are urgently needed and should be obtained. Over-
conservatism is not desired because of other penalties (weight, perform-
ance, etc.) but, on the other hand, unconservabtism cannot be tolerated in
view of the risks involved.
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Model simulation: For models that casn be represented by a spar type
of construction, it may be possible to simulate the specified (not air-
craft) stiffnese charascteristice to approximately 5 percent. In more
complicated structures where an influence coefficlent approach ls nec-
essary, an accuracy of better than 10 percent can probably not be obtained.
The above comments pertain to models that are tested in high-density envil-
romuents since it 1s extremely difficult to simulate large; low load-factor
aircraft by means of small models tested in low-density facllities. Alr-
craft flutter models should generally be as large as possible and should
be tested In as high a density facility as is practical.

Mass simulation (weight, center of gravity, and moment of inertia)
presents a problem and must be ptriCEly controlled especlally where sev-
eral similar models are used and repetition of perameter accuracy ie nec-
essary. Mass control to a large extent ls experimental and may not be
guaranteed as closely as stiffnesses.

In general, model stiffness simulation appears to proceed along the
following lines. An evaluation of the stiffness distribution of the alr-
craft is made. A similar or equivalent (not necessarily a replica) dupli-
cation 1s made of structural elements. If the alrcraft siructure approxi-
mates plate characteristics, then a plate-like structure will have toc be
employed and the usual "beamology" approach must be discarded. Since the
above approach will not generally simulate local stiffnesses and since
accurate duplication of influence coeffilcients is not possible at this
time, the higher-order modes and freguencies on flutter models will prob-
ably not be sufflciently similar to those of the eircraft and the model
will probably not yleld sufficlently accurate results for these particular
modes. Thils problem area should be resolved since the thinner swrfeces
of future supersonic and hypersonic aircraft may result 1n the occurrence

of higher-order flutter modes.
Effort in the simulation of actustors éﬁd.dﬁﬁﬁers is also needed.

Model support: Tn testing of low-speed flutter models which incor-
porate body freedoms, many contractors have encountered body-freedom-type
instabilities. Most of these instaebilities were solved by essentially
cut-and-try methods. One case is known where the body instebillity could
not be prevented even with a very forward center of gravity.

In general, it appears desirable to incorporate body freedoms and
fuselage motions in flutter models even for clean wing models to spproxl-
mate root impedance effects. '

For supersonic and transonic tests, 1t does not seem desirable to
fly models but rather to restraln the model with approximately correct
root effecta. Trim surfaces to provide attitude control may be required.

diflilhgnnne
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The general area of model support techniques and their possible body
instabilities deserves further study and evaluastion.

Component versus complete alrcraft model testing: Wherever possible,
the entire aircraft including rigid body freedoms should be modeled espe-
clally on subsonic models where it is more practical to do. Such low-
speed tests can be employed to determine the desirability and accuracy
of component testing by locking out or restraining modes of motion.

The effect of fuselage degrees of freedom or body motions is probably
quite lmportant for wings with stores, T-teils, and all-moveble conbrol
surfaces. Body impedance characteristics should therefore be simulated
or approximated. Body modes end fuselage degrees of freedom may influence
even clean wing flutter resulbts and some tests should be made to deter-
mine fuselage effects to provide sircraft designers with a basis of evalu-
ation for cantilever tests.

Model tests are considered necessary to evaluste the advisebillty
and accuracy of component testing and to determine the effect of fuselage
freedoms on cantilever tests.

- Similation of 1liguid fuel: The similarity rules necessary for repro-
ducing liquid fuel effects In models should be investligated if such an
investigation is not already availsble in the Iiterature.

It appears possible to simulate viscous effects if a 1:1 velocity
ratio and a high-density faclility are employed since then the Reynolds
number would be high. However, simulation of other dimensional parasmeters
such as the Froude number which 1s related to fuel wave length may be
necessary.

Simulation of fluid effects by means of model tests in low-density
facilities does not appear feasible.

Excitation snd instrumentstion: The importance of defining flutter
modes in experimental tests is reallzed. Vibratlon measuring equipment
is generally avallable for the lerger flutter models. Strain-gage equip-
ment can be used for obtaining data which can be employed for determining
modes of small models. However, small, lightweight accelerometers are
needed to define amplitudes at strategic locations and boundary condition
informatlion for strain-gage intelligence.

For wind tunnels having high~turbulence levels, no forced excltation
may be necessary for general flubter research. However, amplitude versus
frequency data at verious sirspeeds may be required in certain tests to

- evaluate marginally stable modes of more complex model investigations.
Some research to develop suitable methods especially for small models is
considered advisable.
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Temperature: Models which are constructed to be tested in an environ-
ment which simulates temperature effects will probably consist entirely of
metal construction.— They therefore will be heavy. In view of the present
difficulty of simulating welght for small models, it may be Impossible to
construct a dynamically simllar thermogsercelastic model for testing in
heated supersonic wind tunnels unless these tunnels operste at very high
densities. If such high-density tunnels were avallable, transient as
well as steady-state temperature effects could conceivably be obtained
by injecting cold" models.

Other facilities which could be employed for thermoaeroelastic studies
are free-rocket and sled-rocket facilitles. However, it appears possible
that & geometric scale ratio of less than one even for a replica (scaled
down, bit by bilt reproduction) type model willl not simulate heat transfer
and temperature effects. It also appears possible that trajectory limita-
tions for a rocket test may prevent attasining the proper speed-altitude-
Mach number - dynamic pressure parameters necessary for simulating temper-
ature effects of an alrplane in 1ts own speed-altitude environment.

Since the simulation rules for thermosercelastic models are not avail-
able in the literature at this time, 1t is considered very worth while to
publish a report on this area. This report should evaluate the possibll-
itlies of thermal simulation in flutter model testing using presently
avallable and proposed facilities.

Facllities: Wind-tunnel, free-rocket, and rocket-sled facillities
exist for testing of flutter models (temperature effects not included).
Sufficient low-speed wind tunnels are avallsble for the preliminary sub-
sonic tests that are generally conducted by the contractors. However,
in view of the state-of-the-art end in view of the lower margins of safety,
airplane and missile contractors must conduct transonic and supersonic
model tests on a research and development basls. Additional transonic
and supersonic wind-tunnel time or wind tunnels are needed to provide
both research and development flutter information. Such tunnels should
be preferably of the higher-density type.

The sled facility is considered to be an excellent facility for go
or no-go flutter tests of moderstely sized aircraft components. However,
its control and experise make 1t a less desirable test faclility than a
wind tunnel. Its utility for those tests for which it 1s especlally
gualified 1s well known and appreciated.

Rocket-model tests are also quite expenslve and are a one-shot prop-
osition although recoverable rocket procedures could be developed. In
many cases rocket tests must be employed, especlally where the speed range
of available wind tunnels is not sufficlent or where alrcraft parameters
cannot be gimulated. However, in genersl, the free-rocket testing pro-
cedure is less desirable 1f suitable wind tummels are avallable, since

-
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more information cen generally be obtained quicker snd cheaper In the wind
tunnel. However, rocket tests should be made frequently to substantiate
- the flutter date obtalned by wind-tunnel tests.

The sled facilities appear sufficient at the present time but lnecreased
use, for example, temperature investigatlons, may requlre additionsl avail-
ability (hours) or facilities. Similar comments spply to the free-rocket
testes except that flutter demands on this type of facillty will likely
increase in view of lack of wind-tunnel facilities in the high supersonic
speed range.

Should a similarity-rule study and an evaluation substantiste the
possiblility of using heated wind tunnels for thermosercelastic studies,
the single wind tunnel being considered by the NACA will not likely be
sufficient unless a high percentage of time is devoted to flubiter research.
More facilities of this type may therefore be necessary. In addition,
serious consideration should be given to need for flutter research facil-
ities for the Msch number range above 3.

Flight Flutter Testing

The increasing importance of flight flutter testing as a branch of
flutter engineering has been mentloned earlier in the report, but a brief
h recepitulation of the underlying reasons is of value.

As airplane and missile performance increases, and as new speed and
temperature regimes are entered Into, 1t appears certsin that design 4if-
fleculties from the flutter point of view will become more severe. More-
over, problems of design-office flutter prediction will also increase as
a2 consequence of the growing complexity of the airborne vehicle and its
missions. To insure that en adequate safety marglin for flutter truly
exists in a new model, more and more dependence will probably be placed
on proof £flight tests, that is, on £light flutter testing of the prototype
alrcraft, in the same sense that performence and flight load proof tests
are now undertaken.

In sddition to providing an estimate of the flutter safety mergin,
flight flutter testing is also an important research and development tool.
Through such studies, the nature of the flutter modes on actuel aircraft
cen be identifled, thelr stability in the region immediately below the
flutter speed can be appralsed (serving as a firm basie for extrapolating
to the flutter condition), and research information can be gained regarding
the mechanicel and aerodynamic counterparts of the flutter mechanism.

- While some flight flutter testing has been undertaken by Industry in
the past, particulerly when studying mild flutter modes associated with
control surfaces, it is probebly correct to say that ouwr knowledge of the

‘* i -
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techniques for this type testing are woefully inadequate. Stated dif-

ferently, 1f the premise is accepted that flight flubtter testing is an
increasingly important research and engineering tool, then the conclusion .
must be drawn that our present status of knowledge is at least an order

of magnitude behind our requirements.

When considering flight flutter testing as an engineering tool, the
question of 1ts safety at once arises. For studles of mild flutter modes,
it 18 of interest to note that at least one aircraft company displays no
hesitation whatever about flying a new model near the flutter speed. On
the other hand, the dangers of an improperly conducted flight flutter
program are well illustrated by the classic von Schlippe tests, in which
a bending-torsion wing mode was approached (and probably reached) with
catastrophic results. :

Proponents of flight flutter testing have recently suggested certain
new and promising experimental approaches. They point out that artificsl
stebility of known megnitude can be added to the system. (This is par-
tlcularly simple when dealing with movable elements such as control sur-
faces.) By this technique, the flutter speed of the wvehicle can be reedily
controlled and ralsed, perhaps even to the extent of converting a violent
(catastrophic) mode into one of the mild variety. Flight teste can then -
be conducted safely at relatively high speeds, covering the flutter regime
for the ummodified system; by studylng the flight test data and subtracting
analytically the effect of the artificially added stability, the perform- -
ance of the unmodified vehlcle can be deduced.

The procedure of controlling the system stability by artificial means,
if successful, will obviously be a major step forward in improving the
safety of flight flutter testing. To date, experience in this direction
is limited to only a few trials, and these only with mild tail-surface

modes .

The instrumentstion for flight flutter testing is, in principle, of
& relatively stralghtforward nature, but considerable difficultiles are
encountered 1n obtaining sultable and useful flight flutter data. Both
sinusoldal or pulse-type excltations have been employed, and difficulty
is realized in both cases in achleving sultably large (though not dan-
gerous) aircraft responses in regions of low-to-moderste stabllity. Both
types of exciltation have their particular adventages, the pulse-type
exciter being the least expensive to install (in some cases the "stick-
benging" technique is employed), while the sinusoldal exciter probably
affords the more reliable overall information.

Other instrumentation problems of flight flutter testing include the
isolation of the aircraft response to forced vibration from the random -
and uncontrolled responses which accompany flight in rough alr. The prob-
lems of achleving accuracy in the reduction of flight dats are obviously
connected with the signal-to-noise ratio of the recorded datz, and practical -
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means are required to permit reducing f£light dats when this ratio is
small. It must be apprecisted that unless accurascy can be achieved in

- the flight observations in regions of low-to-moderate damping, then plan-
ning of the flight tests into areas near the flutter speed becomes both
difficult and uncertsain.

It should also be mentloned that further research is required to
yield & better understanding of the basic dynamicel considerations
involved in £light flutter testing. Thus, when sinusoidel excitation
is employed, 1t is conventional to sweep a frequency range, witlle
attempting to messure the response versus frequency characteristics for
a test speed and altitude. It is known that the sweep rate of the exciter
will distort somewhat the nature of the records obtained, and in most
cases the speed and altitude will be continually varying. For high-speed
testing, particularly where the times available for a test run are small,
it is obvious that interpretations of the flight data must be considered
carefully. It 1s slso clear that great lmportance is attached to an early
identification of the violence of an approaching mode. These are but
typical problems requiring clarification, and are representative of the
type of dynamic research needed to strengihen our understaending of f£light
flutter techniques.

While every effort is belng made in thils report not to overexaggerate

the research requirements of the flutter engineering area, it can be stated

- without hesltation that a systematlc research prograem on flight flubtter
testing is an asbsolute necesslty for the near future. This test technique,
becauge of its importance in future design, must be developed to the point
where it is both fruitful and safe. A coordinsted flight research and
theoretical program, almed at studying the performance of aircraft dis-
playing typlcal flutter modes, 1s probably the only mammer in which the
safety question and other pertinent matiters can be clarified.

SIMMARTZATTON

This survey and eveluation of flubter research and engineering
attempts to appraise the present status of the "state-of-the-art,” and
suggests areas in which resesrch 1s required to close gaps in our existing
design knowledge. TIn order to somewhat circumscribe the coverage of the
report, principal consideration is given to the matters relating to fixed
surfaces and primary controls. A listing of the more important items dis-
cussed in detall in the survey is as follows:

1. A historical analysis of actusl flutter occurrences during the
- last 10 years experienced with U. S. military aircraft reveals st lesst
54 known cases. The consequences of flubtter in these instances range
from complete loss of the aircraft to moderately severe structural demage;

F 4
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this in turn has resulted in delaye in readying the vehicle for service
operation (in some cases up to 6 months), considerable expense in cor-
recting the difficultles, as well as incressed maintensnce and/or decreased
performance for some of the vehicles. This flubtter history indicates that
present design criterie are not completely adequate to cope with flutter
design problems. .

On future airborne vehicles, the design demands of higher performance
and new configurations mey well lead to an increase in the number of flubt-
ter occurrences, unless adequate design tools for their prevention are
provided. This implies that research effort in the flutter fleld must
be expanded considerably if this objective is to be met.

2. Our present understanding of the dynamics of flutter is in some
respects reasonably adequate, although many important questions are still
not thoroughly understood. For example, simple and dependable methods
for predicting whether a flutter mode is of the catastrophic or milid
variety are not yet avallable, and few general rules are avallable to
serve as a basis for the synthesis of optimum flutter-free aircraft sys-
tems. Only a beginning has been mede toward understanding the complica-
tions introduced by high-speed flight in regions where thermal effects

are important.

3. As a firast step 1n a theoretlical flutter anslysis, the flutter
engineer will usually calculste the pertinent natural frequencies and
normal vibration mode shapes of the airframe in still eir. These are
not only useful for the subsequent calculetion of critical velocities,
but are also employed for comparison with ground vibration tests; this
latter compsrison affords a valuable check on the engineer's understanding
of the mechanical propertiles (inertial and structural) of the system.

While present techniques for calculating normal modes are reasonsbly
successful for conventional aircraft of not too low aspect ratio, they
are generally inadequate for the handling of very low-aspect-ratio alr-
craft, and large ailrcraft of flexible nature and carrying a variety of
flexibly mounted components and external stores.

Rational methods are not presently available for estimating the
damping assoclated with vibratory aircraft motions, such information gen-
erally being obtained experimentelly from the ground vibration test. This
purely experimentsl treatment of the damping paremeters (which may be of
considerable importance in fixing the critical flutter speeds), does not
completely satisfy design requirements.

Further study is requlred to improve current technigues for natural
mode studies, both from the theoretical and experimental points of view.
It 1s suggested that a systematic analytical and experimental study,
employing representative full-scale vehicles, be used as a basis for
refinement of our knowledge in this area.

- %
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4. The present status of knowledge in regard to the analytical com-
putation of oscillatory aerodynamic flutter forces is excellent in some
- areas and lacking in others. Two-dimensionsl potentisl f£low methods are
reasonably well developed with only few exceptions; however, three-
dimensiocnal potential flow methods are in a continuing state of fliux and
are currently being defined and evaluated.

The two-dimensional methods have been very useful in studies for
large-~-aspect-ratio surfaces, and it appears that further research in
this area should be confined to studies relating to speclal mode patterns,
such as those Involving airfoil camber, and to studies of certain control-
surface problems, such as buzz.

Considerable additional research 1s required in connection with three-
dimensional potential flow methods, which methods are badly needed by
Industry for the design of low-espect-ratio wings and wing-body combins-
tlons. In this area, it appears necessary that multiple 1ifting-line
methods be employed, or that lifting-surface methods be used, these being .
readily appliceble to the treatment of elastic vibration modes of & gen-
eral character.

- Greater emphasls is also needed on studies of thickness effects abt
high supersonic speeds, and on the use of indlcial functions as a flubtter
tool. Attention should also be given to the development of additionsl

. theories which accownt for viscous flow effects, such as separation.

5. The available numerical methods for calcwlatbing critical veloc-

ities from the eqpations of motion sre reasonsbly adequaite, and research
along these lines 1s progressing at a sablisfactory rate. However, the

problems of evaluating the accuracy of a flutter esnalysis are still formi-
dable, and the precision of flutter enalyses for unconventionsl configura-
tions is still open to considerable question. Better understanding is
required of the roles played by thée mechanical and serodynsmic character-
istice of the airframe in the final flutter determination. The effects
of the various temperature reglmes on flutter are understood in very

preliminary fashion only.

6. Current methods of ground vibratlon testing are reasonsbly satis-
factory only when low-order vibration modes are of interest, and when
the natural frequenciles are well separated. Because of the lncreasing
complexity of modern airborne vehicles, and the need for greater quanti-
tative accuracy in flutter prediction, difficulty is being experienced
in maintaining sdequate groumd vibration test accuracies. Additional
resesrch effort is therefore required to develop ground vibration tech-
niques and test equipment which is capable of exciting and measuring all
of the natural vibratlon modes of complex airborme vehicles.

v .
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T. Attempts to determine structural stiffnesses of airborne vehicle
structures by measurements of static deflections under kmown loads have
been relastively unsuccessful due to the severe accuracy requirements.
Present and future importance of the problem suggests that a substantial
research effort be directed toward the development of adeguate techniques
and equipment for obtaining the required stiffness dsta. Abtention must
be given to both unhested snd heated structures. .

8. An examination of available experimental data on oscillatory air
forces shows that this information is lagging considerably behind current
needs, let alone future needs. Most of the experimentasl work has been
done in connection with two-dimensional wings in the subsonic speed range,
and on rigid models. Only one piece of data exlsts for an elastic model.
A critical lack of experimentsl information exists in the tramsonic and
supersonlc speed ranges, even for rigid models.

The greatest need for future research lies in the measurement of
osclllatory alr forces and oscillatory pressure distributions on three-
dimensional elestic models (incorporating both fixed surfaces and movable
surfaces) in all spééd regimes. These measurements should show the results
of flow separation and Interference effects, particulerly in the tramsonic
and supersonlc speed regimes. There is need for further research on two-
dimensional wilngs to check theory; this applies particularly in the sub-
sonic speed region at high angles of attack, at tramsonic speeds, and at
supersonic speeds. _

9. The use of flutter models, up to the present, has been for the
primary purpose of checking alrcraft safety, as well as for limited
research objectives. For certain configurations, flutter models have
been used to define Mech number and dynamic pressure trends as a function
of flutter veloclty-stiffness 1ndices, and for the determination of the
flutter susceptibility of wvarious new designs. For a variety of configu-
rations of practical interest, however, adequate flutter model studies
to provide design criteria and for comparison with theoretical calculs-
tions are not avallable.

The systematlic use of flutter models as a basls for evsluating the
accuracy of proposed flutiter prediction theories 18 a technique which
has not been employed to meximum advantage in the past; such studies
would wmdoubtedly also bring to light directions for the improvement of
existing theory. Also, the use of model studies for the syntheeis of
optimum flutter-free systems, and for the study of variouws flutter pre-
vention techniques hes also not progressed as repidly as might be desired.

There appears to be & definite need for comsolidation and evaluation
of avallsblie experimental data, and for extending and filling in gaps in
existing data for varlous configurations, with regard to critical regions
from the Mach number and dynamic pressure standpoint. The simulation of
higher-order vibration modes %H flutter models, of 1liquld fuel effects,
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and of the effects of verious tempersture regimes also requilre further
study before acceptable techniques can be integrated Into design practice.

Another continuing area of uncertainty in the conduct of fiutter
model tests relates to the necessity of testing complete models of au
airborne vehicle, as compared with the less expensive testing of components
only, in which only a part of the airframe is duplicated (it being assumed
that the remainder of the structure does not significantly participate in
the flutter motion). The accuracy and valldity of component testing
regulres further delinestion.

In =ddition to overall guestilons relaeting to the use of flutter
models, certain problems of flutter model construction and mounting
require solution. These include problems of mounting models simulating
free flight In the wind tunnel, the development of improved model excita-
tion techniques, lightweight vibrastion measuring equipment, techniques
of model constructlon, and the provision of adequate facilities for high-
speed and thermal regime investigations.

10. Tt is the opinion of those preparing this report that flight
flutter testing will be an increasingly important branch of flutter engi-
. neering in the future. Because of the difficulties associated with the
theoretical treatment of alrcraft configurstions of increasing complexlity,
greater emphasis will have %o be placed on flight testing of prototype
- articles in order to insure that adequate Flutiter safety margins exist.
In addition to its importance as a design tool, flight flutter tests will
probably be used for a variety of flutter resesrch purposes.

Current flight flutter test techniques are in an eerly stage of
development, and are beset with a number of practical difficulties per-
talning to safety, instrumentation, and data reduction and inbterpretations.
Both theoretical and experimentel research is urgently needed to gain expe-
rience and knowledge for flight flutter testing, as a preliminary to the
increased utilization of this technique within the industry.

A promising means for increasing the safety and utility of flight
flutter testing appears to be the introduction of controlled artificial
stability into the aircraft flubter system. Exploration of the flutter
characteristics over the range of antlcipated flutter velocitles can then
be undertaken without danger, the test data then being reduced by sub-
traction of the added artificiel stability to yield the accurate flutter
speeds of the unstabilized airframe.

While & variety of theoretical and practlcal questions require further
clarification, the future importance of £light flubtter testing should not

- be overlocked, and research should be instigated at the earliest possible
date to develop this form of prototype testing.

‘- -~
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Bourge Auther Cenf igeeation ABpect Tatio Spesd rangs sralysis oeed Agrecmsnt with experinent
NMAQA ™ 587 Clealn, P. Onrtilaver, wnawept, uniform a6 010 X5 fps Two-dixensional, |2 dagroes of Cood for spaed, frequanay, sxd
ving inoceyneasibla Iresdcn soplitods ratiy
ARC R &N Fraser, B. M., Unswept, tepered () = C.52)) 5.8 Low Hoditisd tvo- 2 uscoupled wodas |"Rxoellent” sgreemant of spaed
Mo, 19k3 and Eken, B, W, bepding springs at root alzermionel, Raylaigh type and frequancy (ses R LH
inaompessible 193)
ABC 6792=0,348,| Willisne, T, Unmvept, tapsrel =4 Mewmnred 2 moden Good.
Jow 9, 19451 . auaffinlant
HWAOA Rep, 566 |Runyun, H, L., Oantilsvar wifom undwept ving 6 300 to 525 fps [No-dimensional, |Differantial Yery good
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morved along span
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and Dﬂuilr, M: A4 allaron-tab, sxparimnt of inn naible wipg. Very good with allaron
Voigt mnd {end (b‘t;?n s bAlanead, to good
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MACA ™ 3375 | Woolstico, D. 9., Cartilever wniform unawept 6 300 to 525 fps |Two-dipepsicral, |2, 3, sl b Good ngresnent oply with weight
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axpled modan waight parh way out on span,
oot wmough oodan used.
NIL Py, Bergh, K., Gt ilaver Teatanguler ving; %o fluttar mn{m tvo- 2 moles Caloulated results vith zeas-
F. 128 and I3fF, T, mans reiio frea 5 1o 50 disypsional and urwd alr foroas soactines
theration). two- higher, sorstimes lower then
dimmneional oalonlated remults with thao-
retical sir foross
FACA Fep. Baraby, 7o Oy Caniilever unifore wvept amd GtaB M = 0.2 to 0.05 |Bvo-dimenaicnal, |2 vmooopled nodes|Oood in gemeral (within 20% fer
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TARLR IV, SPAITO OF EXPERTMENMI, FIUTPER MOINL DATA

Tl in dxta and

Ragime 1 Regime II Regime IIT Ragiwn IV
M= 3.0 st esa laval K= 5.0 at sea leval
¢ 10m w08 at sea layel ::ég‘:;g“mlg"‘rt u-ir.oj at higher N~20
ontiguret; H=1.2 ataltituda o e altitudes to pear 100,000 Tt
: ) sbave 300,000 £t and abave
High mubsmie-trenscoic Trurtsond.o-low suparscnic Buparsonic Rypeoacnic
Btralght mafeces Geparally matimfactory, Oeparally mptisfactory. Duta needad. Deta peadad.

5 svalostion raqudrad, tion reguived.
- Swept surteces Gensrrlly quite sebis- satisfactary, Probebly w11 not be Probably vill not be
s fastory. Ryalumtion 11 n dats and avaloe- ussd, naed.
E raquired, tion required.
Ll Delte wurfaces Data nanded, Under- Detn neaded, Undar- Data naedad, Under- Probably will not be
ag starding required, standing raquived, standing raquized, usad,
[ ]
- Low aspect matio aombinad straipht. Data naadad, Dpte pandad, Daza noeded, Data nendad,
3 rvept-dalia Typs mrfaces {ohord.
314 Wise daformation and higher modes
may ba important).
b Btralght surfasas AdAlticoal Aube epd Data needed, Data mxy he poaded, Frobehly will not be
gg ) ovalustion required. ussd,
a -§§~§ Svept surfacas (inclndes highere AdMitional dats and Data peadad, Probably will not be Probahly will not be
T-'E ) ardar modes). evaloation required. used. used.
égﬁ Delts wings Data neadsd, Dats. peadsd, Probanly will pot be Probebly will not ba
naad. N
AMrfoll section and thiokness effects. (Frem Exploratary tasts Rxplaratory tasts neadsd. Rxploratory tests Exploratory teots
serodypemia viawpeint in view aof piston nandad. . noadad,
theary whiah indipates dstrimental aflfects
aof thlokness).
Chordwviss fluttear Probahly not applliow- Fill in dste and evalom- Fi11 in data and 1l in dxte anrd
e to this regize tion required. Design avaloatlon required, avalnstion
criteria noed to ba Design exiterin raquired. Daslgn

srtshlishod and need 1o ba estab- aritaris peod to
pasopped againet alir- Lishad and sapcased bta eatablishad and
oraft, paremstars, sgainet pirmeaft aspcnped pomingt
permmetars. airorafs
pramahort.
'lll:l.nmdmt&nﬁingufrhomi_‘ affsata dad. Very important probles to £ipd optimm loeation of stores.
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TABLE IV,~ SIATUS OF EXPERIMENTAL FLOITER MOLRT DA™ - Conelogded

Configuration

Rogime I

Hoglme I1]

Begime IV

M= 0.8 ot sea lavel

K = 3.0 at oee level
M=ktod at higher

H=60 at v level
W ~ 20

asseqsod mgaingt eiroraft
paAramnters,

M e l.2 at altitude altitudes to near 100,000 Tt
*ad abovs 500,000 £% »m above
High subsonlo-transomdc Franscnio-low supersonle Buparsonic Hypersonic
Fintter provention davices and optimom con- Deta needad. Date neaded. Data needed. Tata nesded.
figwations from » flubter viewpolnt.
Tip comtrsls. ~ Data naeded, Data needed. Data zeeded, TUss unjmosm, Data
meoded 1f used,
"!-uﬂ.u Mors data needed. Eval- Data peeded. May not be ueed. Probably vill not ba
vation required, need.
Panel flotter (includes papel flutter of Gaoerally satisfactery, Cenarally satisfactory. Exploratory tests Exploratory tests
cyliniricsl missiles or bodles). Problem mesds to be Problem nosds to be evel- neadad. nasded for possible
wmloated and deaign mbted and damign ariteris confignmmtions.

Floating tip tanks.

Bagic data and gyalustion
neaded .

FProbahly will not be
usad.

Frobably will not be
nsad, -

Control surfoces (ipaludes buxz and mass
unbelanced control surfaces)

Flotter-tutz data nesdsd.
Damping-stiffnsss dnta
peaded. Bagic vndar-

Control-surfase flutier
sesrs ot probebls
for lower rodes of

Unknown. Bxploretory
tasts shonld be mnde

standing of busz standing of buzz meeded. clesn wings. However
osedad,  Design oon Desige configprations foor higher modes my pre-
fignetiocns for avolding rzs peadsd. sant problame,
avolding s peeded, Dxploratory tewts
should he made.
Centrol surface plsy Limits Deta peeded. Data Dended., Dats, peeted. Date peeded.
o |Btreight Date neeled. Date nesded. Data noaded, Duts pDesdad .
[}
E Swept vinge satisfuctory, Genarally satisfactory. May vot be used. May not be used.
g F111 in date and eval- P11 in date md evalue-
aw mmtion reqaired. tim reqired.
x Delia Headed. Becdad, Mey not be used. May not be meed.

“Very lagortant problas.

mvmmprmlm. Basic understanding sad parmmster variaticn dats pesdsd.
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700 : H
1= Transonic speed, T, = l00°F , | IG
1= Low supersonic spead, T, = 300°F | \
600- M= High supersonic speed, T, = 1,000°F / \
I = Hypersonic spead, Tp, = LOCO +oF
Note: / . \
500J Regimes shown are envelopes to define type of aerodynamic / \
flow ond do nof represent performance of any dirborme yehicle. / \
Nomenclature: \
Alfitude, 400- h 2 Altitude {ft)
_h M= Mach number
1000 Tm= Maximum skin temperctura (°F) -
3001
Ly
2004 .
i1 8
100~
] iy
?’: 1
0' . T T T T T T T T T ™ 4
0 ! 2 4 6 8 10 12 ) 16 1B 20

Figure 1.- Airborne vehlecle altitude - Mach mmber regimes.
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52 : - L NACA RM 56112

IIIII AVAILABLE

TWO DIMENSIONAL

K
(.o THREE DIMENSIONAL — LOW &R
K 5
o} .
1.0 THREE DIMENSIONAL — HIGH R
K 5
o}
1.0 INTERFERENGCE EFFECTS
Y
0] |
o 1.0 2.0 3.0 4.0 5.0
M
(2) Pitching.

Figure 2.- Availlsblllity of experimental oscillatory ailr forces.
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TWQO DIMENSIONAL

1.0 THREE DIMENSIONAL — LOW AR

THREE DIMENSIONAL —HIGH &

1.0

INTERFERENCE EFFECTS

M

(b) Translation.

FPigure 2.- Continued.
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- AVAILABLE

TWO DIMENSIONAL

THREE DIMENSIONAL — LOW R

~—

K 5 .

THREE DIMENSIONAL — HIGH &

10 INTERFERENGCE EFFECTS

K 5 N

(e¢) Control rotation.

Figure 2.- Concluded.

' _ NACA - Langley Fieid, Va.



CONMEIDENHAL



